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ADAPTIVE MULT-MODE SYSTEM AND METHOD 

CROSS-REFERENCE TO RELATED APPLICATIONS 
[0001] This application is a divisional of Application No. 
10/460,825, filed June 12, 2003 which claims the benefit of the 
filing date of U.S. provisional applications Nos. 60/395,115 
filed July 10, 2002, and 60/395,697 filed July 12, 2002, the 
entire contents of which are herein incorporated by reference. 

TECHNICAL FIELD 
[0002] This invention relates to output regulators. 

BACKGROUND 

[0003] Output regulators are employed in numerous machines 
and devices including virtually every electronic device. An 
output regulator typically converts unregulated input power to 
one or more regulated outputs for supplying power to circuits 
within the machine or device. The regulated outputs are most 
commonly regulated voltage, but regulated current and 
regulated power may also be generated. The output regulator 
may be integrated into the machine or device, or the output 
regulator may be a separate assembly that is assembled to 
machine or device. Several characteristics of output 
regulators may be used to judge the quality of a particular 

design including operating characteristics such as power 
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density, efficiency, output regulation, and transient 
response. Improvements in the operating characteristics of 
output regulators are desirable so that machines and devices 
that use output regulators may be improved such as by being 
made smaller, requiring less power, having improved accuracy 
and reliability, or having improved operation during transient 
conditions . 

SUMMARY 

[0004] In one aspect, a control system and method for 
controlling an output regulator having a regulated output. An 
output sensor to generate a digital sense signal to indicate 
within which of at least three reference ranges the regulated 
output is included. Each of the at least three reference 
ranges including a plurality of possible values of the 
regulated output. A digital controller, responsive to the 
digital sense signal, to generate a drive signal to control 
the regulated output. 

[0005] In another aspect, an output regulator and method to 
convert an input voltage to a regulated output. The output 
regulator including a power stage to generate a power output 
from the input voltage. An output filter to filter the power 
output to generate the regulated output. An output sensor to 

generate a digital sense signal to indicate within which of at 
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least three reference ranges the regulated output is included. 
Each of the at least three reference ranges including a 
plurality of possible values of the regulated output. A 
digital controller, responsive to the digital sense signal, to 
generate a drive signal to control the power stage. 
[0006] In another aspect, a circuit and method for generating 
a feedback signal corresponding to a first voltage. The 
circuit comprising a reference generator to generate at least 
two reference voltages. The reference voltages to define at 
least three voltage ranges. A comparator to compare the first 
voltage to the at least three voltage ranges and to generate a 
digital signal to indicate within which of the at least three 
reference ranges the regulated output is included. 
[0007] In another aspect, a control system and method to 
control an output regulator. The output regulator to convert 
an input voltage to a regulated output. The output regulator 
including a power stage to generate a power output from the 
input voltage and an output filter to filter the power output 
to generate the regulated output. The control system 
comprising a digital controller, responsive to a sense signal 
corresponding to the regulated output, to generate a drive 
signal to control the power stage. The digital controller 
including and selecting between at least three operating 
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modes, a selected one of the operating modes to generate the 
drive signal. 

[0008] In another aspect, a power array and method for 
converting an input voltage to a chopped output. An output 
regulator to convert the chopped output to a regulated output. 
The power array comprising a switch array, responsive to 
independent drive signals, to convert the input voltage to the 
chopped output at a switching frequency. The switch array 
including at least two power switches. A switch controller to 
generate the independent drive signals as a function of a duty 
cycle signal. The switch controller to operate at a sampling 
frequency, the sampling frequency being greater than the 
switching frequency. The switch controller to control the 
independent drive signals at a drive frequency greater than 
the switching frequency. 

[0009] In another aspect, a method and system of sensing 
current in an output regulator, comprising providing a current 
sensor having a gain resolution, setting the current sensor 
gain resolution to an initial resolution, sensing a current 
flowing through the current sensor, evaluating an amplitude of 
the current, and at a sampling frequency, controlling the gain 
resolution of the current sensor based on the evaluating. 

[0010] In another aspect, a method and system of controlling 

deadtime between power switches in an output regulator, 
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comprising providing at least two power switches having a 
common node, wherein at least one of the two power switches is 
a conducting switch and a remainder of the two power switches 
is a free-wheeling switch. Switching one of the conducting 
switch and the free-wheeling switch from an on-state to an 
off-state. During a transition from the on-state to the off- 
state, monitoring a current flowing through one of the 
conducting switch and the free-wheeling switch. Comparing the 
current to a reference level. Delaying for a predetermined 
time period, then changing the operating state of the other of 
the conducting switch and the freewheeling switch from an off- 
state to an on-state. 

[0011] In another aspect, a method and system of reducing 
switching losses in a switch array for an output regulator. 
The switch array to convert energy from an input source to a 
regulated output of the output regulator, the switch array 
including at least two power switches. The method comprising 
determining an expected current flowing through the switch 
array during a next switching cycle. At a sampling rate, 
determining expected power losses of the switch array based on 
the expected current. Determining a combination of the power 
switches to enable that minimizes the expected power losses. 
Enabling the combination of power switches. 
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[0012] In another aspect, a method and system of suppressing 
noise in a power stage for an output regulator. The power 
stage to convert energy from an input source to a regulated 
output of the output regulator. The power stage including at 
least two switch arrays having a common node. The method 
comprising monitoring a noise characteristic of the common 
node, comparing the noise characteristic to a reference level, 
generating an impedance control signal based on the comparing, 
and at a sampling rate controlling the switch arrays in 
response to the impedance control signal. 

[0013] In another aspect, a method and system of controlling 
a capacitance of a circuit node of a power stage for an output 
regulator. The power stage to convert energy from an input 
source to a regulated output of the output regulator. The 
power stage including at least one switch array and a first 
power switch connected to the circuit node, the switch array 
including at least two series pairs of power switches. The 
method comprising monitoring a current flowing through the 
switch array, determining a desired capacitance at the circuit 
node based on the current, at a sampling rate determining a 
combination of switch assemblies to enable to set the circuit 
node to the desired capacitance, and controlling the series 
pairs of power switches to set the circuit node to the desired 
capacitance . 
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[0014] In another aspect, a diode emulation system and method 
to convert energy from an input source to a regulated output 
of an output regulator. The output regulator having a 
switching frequency. The diode emulation system comprising a 
first power switch, responsive to a first drive signal, to 
control a flow of energy from the input source to an output 
inductor of the output regulator such that a current flowing 
through the output inductor increases. A switch array 
including at least two power switches, responsive to array 
drive signals, to provide a path for the current flowing 
through output inductor during a freewheeling phase such that 
current flowing through the output inductor decreases. A 
current sensor to sense a current flowing through the switch 
array, and a controller to generate the array drive signals as 
a function of the current flowing through the switch array. 
The controller to independently control the at least two power 
switches . 

[0015] In another aspect, a duty cycle limiter and method for 
limiting a transfer of energy between an input source and a 
regulated output of an output regulator. The output regulator 
having a regulator characteristic and a computed duty cycle 
for controlling the transfer of energy between the input 
source and the regulated output. The duty cycle limiter 

comprising a digital controller to generate a reference level 
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and to compare the regulator characteristic of the output 
regulator to the reference level to determine a maximum duty 
cycle. The digital controller to control the reference level 
at a frequency at least equal to a switching frequency of the 
output regulator. The digital controller to limit the computed 
duty cycle to the maximum duty cycle. 

[0016] In another aspect, a duty cycle estimator and method 
for determining a nominal duty cycle of an output regulator. 
The duty cycle estimator comprising at least two modes 
including a mode one estimator and a mode two estimator. The 
mode one estimator to determine the nominal duty cycle as a 
function of prior duty cycles. The mode two estimator to 
determine the nominal duty cycle as a function of accumulated 
error. A mode selector to, based on a mode selection criteria, 
select a one of the at least two modes to generate the nominal 
duty cycle. 

[0017] In another aspect, a digital controller and method for 
controlling a regulated output of an output regulator. The 
output regulator responsive to a pulse width signal for 
controlling the transfer of energy between an input source and 
the regulated output. The digital controller comprising a 
duty cycle estimator to determine a nominal duty cycle. An 
adjust determiner to determine an adjustment value to combine 

with the nominal duty cycle to generate an adjusted duty 
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cycle, the pulse width signal being a function of the adjusted 
duty cycle. 

[0018] In another aspect, a duty cycle estimator and method 
for determining a duty cycle for controlling a regulated 
output of an output regulator. The output regulator responsive 
to the duty cycle for controlling the transfer of energy 
between an input source and the regulated output. The duty 
cycle estimator comprising an accumulator to determine an 
accumulated error over a time period greater than a switching 
period of the output regulator. A reference generator to 
generate reference levels. A comparator to compare the 
accumulated error to the reference levels at a maximum rate 
greater than the switching period such that a single zero is 
generated, and to generate the duty cycle based on the 
comparing. 

[0019] In another aspect, a digital controller and method for 
controlling an output regulator. The digital controller having 
sub-blocks for providing functions to control the output 
regulator. The digital controller comprising an energy saving 
discontinuous mode (ESDM) controller to monitor a sense point 
of the output regulator. The sense point to indicate an output 
power state of the output regulator. The ESDM controller to 
control a flow of power to the sub-blocks to reduce power 
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consumption of the digital controller during selected power 
states of the output regulator. 

[0020] The details of one or more embodiments of the 
invention are set forth in the accompanying drawings and the 
description below. Other features, objects, and advantages of 
the invention will be apparent from the description and 
drawings, and from the claims. 



DESCRIPTION OF DRAWINGS 
[0021] FIG. 1 is a block diagram of an aspect of an output 
regulator . 

[0022] FIG. 2 is a block diagram of an aspect of a digital 
controller for an output regulator. 

[0023] FIG. 3 is a flow diagram of an aspect of the operation 
of a digital controller for an output regulator. 
[0024] FIG. 4 is a two dimensional view of a package for an 
output regulator. 

[0025] FIG. 5 is a state diagram of an aspect of an adaptive 
multi-mode control system. 

[0026] FIG. 6 is a graph of an output voltage during turn-on. 
[0027] FIG. 7 is a flow diagram of an aspect of the operation 
of an adaptive multi-mode control system. 

[0028] FIG. 8 is a block diagram of an aspect of an output 

regulator having an output slicer. 
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[0029] FIG. 9 is a diagram of an aspect of the relationship 
between voltage ranges . 

[0030] FIG. 10 is a block diagram of an aspect of an output 
slicer . 

[0031] FIG. 11 is a flow diagram of an aspect of the 
operation of an output slicer. 

[0032] FIG. 12A is a block diagram of an aspect of a power 
array. 

[0033] FIG. 13 is a timing diagram of waveforms associated 
with an aspect of sensing current in a power array. 
[0034] FIG. 14 is a flow diagram of an aspect of an operation 
of a power switch array for a power array for controlling the 
flow of energy in a power regulator. 

[0035] FIG. 15 is a flow diagram of an aspect of the 
operation of a current sensing technique. 

[0036] FIG. 16 is a block diagram of an aspect of a diode 
emulation system for emulating a free-wheeling diode of an 
output regulator that operates as a switching regulator. 
[0037] FIG. 17 is a timing diagram of waveforms associated 
with an aspect of a diode emulation system. 
[0038] FIG. 18 is a flow diagram of an aspect of the 
operation of a diode emulation system. 
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[0039] FIG. 19 is a flow diagram of an aspect of the 
operation of a deadtime control technique implemented with a 
diode emulation system. 

[0040] FIG. 20 is a flow diagram of an aspect of an operation 
for controlling losses in a power array. 

[0041] FIG. 21 is a flow diagram of an aspect of an operation 
for suppressing the generation of noise by a power stage of a 
power regulator. 

[0042] FIG. 22 is a flow diagram of an aspect of an operation 
for controlling a capacitance of a circuit node of an output 
regulator. 

[0043] FIG. 23 is a block diagram of an aspect of a delay 
line for generating a delay in a pulse signal. 
[0044] FIG. 24 is a timing diagram of waveforms associated 
with an aspect of a delay line. 

[0045] FIG. 25 is a flow diagram of an aspect of an operation 
for increasing the resolution of a pulse width signal for an 
output regulator. 

[0046] FIG. 26 is a block diagram of an aspect of a digital 
controller for determining a duty cycle for a switching 
regulator. 

[0047] FIG. 27 is a block diagram of an aspect of a digital 
controller for a switching regulator. 
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[0048] FIG. 28 is a state diagram of an aspect of a duty 
cycle estimator. 

[0049] FIG. 29 is a graphical diagram of voltage levels 
associated with an aspect of voltage slicer. 
[0050] FIG. 30 is a timing diagram of waveforms associated 
with an aspect of digital controller for generating a duty 
cycle for a switching regulator. 

[0051] FIG. 31A is a block diagram of an aspect of a duty 
cycle estimator for determining a duty cycle for a switching 
regulator . 

[0052] FIG. 31B is a block diagram of an aspect of another 
duty cycle estimator for determining a duty cycle for a 
switching regulator. 

[0053] FIG. 32 is a flow diagram of an aspect of an operation 
for generating a duty cycle for a switching regulator. 
[0054] FIG. 33 is a block diagram of an aspect of a digital 
controller including an energy saving discontinuous mode 
(ESDM) . 

[0055] FIG. 34A is a block diagram of an aspect of a digital 
controller for controlling the switchover between constant 
current mode and discontinuous current mode. 
[0056] FIG. 34B is a timing diagram of waveforms associated 
with an aspect of a digital controller. 
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[0057] FIG. 35 is a flow diagram of an aspect of an operation 
for controlling the switchover between constant current mode 
and discontinuous current mode. 

[0058] FIG. 36 is a block diagram of an aspect of a state 
information storage system for a digital controller. 
[0059] Like reference symbols in the various drawings 
indicate like elements. 

DETAILED DESCRIPTION 
[0060] Figure 1 shows a power regulator 10 for supplying 
regulated power to a load 12. The power regulator 10 may 
include a digital controller 14 to receive a feedback signal 
16 and to generate one or more control signals 18 to drive a 
power stage 20. The power stage 20 converts an unregulated 
voltage, such as Vin 22, to a chopped waveform that is 
filtered by an output filter 24 to generate a regulated output 
26. The regulated output 26 is preferably a direct current 
(DC) output and may be any output characteristic including 
voltage, current, and power. The unregulated voltage may be 
any form of input power such as alternating current (AC) 
voltage and DC voltage. For an AC input voltage a 
rectification stage (not shown) may be included to convert the 
AC voltage to the DC input voltage, Vin, 22. An output sensor 
28 senses the regulated output 26 and sends the feedback 
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signal to the digital controller 14. The power regulator 10 
may employ any topology such as buck, boost, flyback (buck- 
boost) , Cuk, Sepic, and Zeta. 

[0061] Figure 2 shows a portion of a voltage converter 100 
for converting an unregulated input voltage, Vin, to a 
regulated output for supplying power to a load (not shown) . A 
digital controller 102 generates a pair of drive signals to 
control the conversion of Vin to a chopped waveform. The 
digital controller 102 may be implemented in any manner such 
as a programmable device executing software or firmware, 
digital circuitry, logic circuits, digital signal processors, 
and combinations of the preceding. The digital controller 102 
generates the drive signals in response to a digital error 
signal 104 corresponding to the regulated output. 
[0062] An output sensor 106 may sense the regulated output 
and generate the digital error signal 104. The output sensor 
106 may compare the regulated output to a reference signal 108 
to generate the digital error signal. The reference signal 
108 may be any type of signal such as analog and digital and 
may be generated in any manner. 

[0063] For example, an output selector 110 may generate the 
reference signal 108 in response to one or more inputs, Rx and 
Ry. The inputs may be resistors that connect to a reference 

voltage such as ground. The values of the resistors may 
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correspond to the selection of an output voltage level and 
tolerance. The output selector 110 may be a separate module 
or be included within the digital controller 102. 
[0064] Driver circuits 112a and 112b may buffer the drive 
signals from the digital controller 102 and generate signals 
to drive upper and lower power arrays 114a and 114b. The 
driver circuits 112a and 112b may have a lower output 
impedance to decrease the transition time when switching the 
power arrays 114a and 114b between operating states. Any type 
of driver may be employed for the driver circuits 112a and 
112b. 

[0065] The power arrays 114a and 114b each include one or 
more power switches operated in a switching mode, cycling 
between on and off states. Any type of power switch may be 
used such as MOSFETs, BJTs, IGBTs, and MCTs. The power arrays 
114a and 114b may be configured in any topology such as buck, 
boost, flyback, sepic, Cuk, and zeta. 

[0066] Here, the power arrays 114a and 114b are described in 
a buck configuration. The upper power array 114a is connected 
between Vin and a common node, VL. The lower power array 114b 
is connected between VL and a lower voltage such as ground. 
As the power arrays 114a and 114b switch between on and off 
states Vin and ground are applied to VL. When Vin is applied 
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to VL, energy flows from Vin through VL to an output filter 
(see Figure 1) . 

[0067] Current sensors 116a and 116b may measure the current 
flowing through the power arrays 114a and 114b. The current 
sensors may employ any method of current sensing such as 
current transformers, series resistors, hall effect devices, 
and determining the current based on the voltage developed 
across a MOSFET in the on state. Each of the current sensors 
116a and 116b may generate a digital output to indicate a 
current characteristic such as peak current, average current, 
and actual current. The digital output of the current may be 
one or more bits. 

[0068] A voltage sensor 118 may sense the voltage at VL. The 
voltage sensor 118 may generate a digital output based on the 
sensed voltage. The digital output of VL may be 2 or more 
bits. The VL information may be used for control and 
protection such as indirectly sensing current through the 
lower power array 114b. 

[0069] A delay line 120 may finetune the estimated duty cycle 
computed by the digital controller 102. The delay line 120 
may generate a delay signal to lengthen the estimated duty 
cycle. For example, the estimated duty cycle may be computed 
as an integer multiple of a clock pulse width and the delay 

line 120 may vary the estimated duty cycle by increments that 
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are less than the clock pulse width. The delay line 120 may 
receive a digital signal of one or more bits such as a 
multibit digital signal, and generate a pulse with a 
controlled pulse width. Any type of pulse stretching 
technique may be employed. In addition, the delay line 120 
may include dithering to generate fractional increments. In 
an exemplary system, delay line 120 may generate a minimum 
increment resolution that is equal to "tl", and by applying 
dithering, the average of the generated pulse may be pulse 
stretched by any fractional portion of "tl". In one dithering 
method, a selected number of pulses within the continuing 
series of pulses may be stretched by an integer "N" number of 
increments, and the remaining pulses in the series of pulses 
may be stretched by an integer "N-l" or "N+l" number of 
increments to generate a pulse that is fractionally stretched. 
[0070] An oscillator 122 may generate a clock signal for the 
voltage converter 100. The oscillator 122 may receive an 
external sync signal to synchronize the clock signal. Any 
type of oscillator may be used such as phase lock loop 
oscillators and crystal oscillators. 

[0071] A soft start circuit 124 may generate a soft start 
signal to limit the transfer of energy to the output during 
turn-on of the power supply. The soft start signal may be a 5 

bit signal that controls the pulse width of the drive signals 
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to limit energy transfer to the output. For example, during 
turn-on, the soft start signal may ramp up in value limiting 
the maximum pulse width. Any type of soft start technique may 
be employed such as limiting the duty cycle, controlling the 
operating frequency of the drive signals, and controllably 
increasing the reference voltage that the output feedback 
signal is compared to gradually increase the output voltage to 
a steady-state level. The soft start circuit 124 may limit 
the transfer of energy on a cycle by cycle basis. 
[0072] An adaptive duty limit 126 may generate a digital 
signal to limit the transfer of energy to the output as a 
function of an electrical characteristic of the input power 
such as Vin, the input current, Iin, the input ripple voltage, 
VINripple, the input power, Pin, the input source impedance, 
Rs, and the input energy, Qin. For example, the adaptive duty 
limit 126 may monitor Iin and generate a digital signal to 
limit the duty cycle so that the amplitude of Iin does not 
exceed a threshold value. The adaptive duty limit 126 may 
operate on a cycle-by-cycle basis to control the threshold 
value. Each cycle, the adaptive duty limit 126 may change the 
threshold value and limit the duty cycle for the next cycle. 
The duty cycle for the next cycle may be determined based on 
comparing the input power electrical characteristic of the 

previous cycle to the threshold value. 
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[0073] Figure 3 shows an aspect of an operating mode of the 
voltage converter 100. At block 150, the regulated output is 
sensed and compared to a reference. The sensed regulated 
output may be any electrical characteristic such as voltage 
and current. At block 152, a digital feedback signal is 
generated as a function of the sensed regulated output. The 
digital feedback signal may be a multi-bit signal. Each value 
of the digital feedback signal may correspond to a range of 
analog values of the sensed regulated output. At block 154, 
an estimated duty cycle is determined based on the digital 
feedback signal. The estimated duty cycle may be represented 
as a counter limit to be applied to a counter. The counter 
may generate a pulse as a function of a clock signal and the 
counter limit. At block 156, a soft start signal is generated 
to limit energy transfer to the regulated output during turn- 
on. The soft-start signal limits the duty cycle over which 
the power arrays over driven. At block 158, an input limit 
signal is generated to limit energy transfer to the regulated 
output as a function of the input power. For example, power 
transfer may be limited when the input voltage is less than a 
predetermined voltage or the input current is greater than a 
predetermined current. At block 160, a clocked duty cycle may 
be generated. At block 162, the clocked duty cycle is 

adjusted by time durations less than a clock pulse of the 
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clock signal. For example, the resolution of the clocked duty 
cycle may be limited by the frequency of the clock so that the 
clocked duty cycle does not equal the estimated duty cycle 
being either greater or less than the estimated duty cycle. 
The clocked duty cycle may then be increased or decreased to 
more nearly equal the estimated duty cycle. At block 164, one 
or more power arrays may be controlled as a function of the 
computed duty cycle to transfer energy to the regulated 
output . 

[0074] Figure 4 shows an aspect of a package configuration 
for the voltage converter 100. The package configuration 
advantageously reduces susceptibility to noise generated from 
the operation of the voltage converter 100. A package 200 
includes a digital controller and power switches for 
controlling the flow of energy in the voltage converter 100. 
The pin configuration of the package 200 provides for improved 
routing of traces associated with the voltage converter 100. 
A return pin 202 may be located along a first side of the 
package 200. The return pin 202 provides a return current 
path for current flowing to Vout. A Vin pin 204 and a center- 
tap pin, CT, 206 may be located along a second side of the 
package 200. Pins 208-212 for control Input/Output (I/O) may 
be located along a third side of the package 200. Control I/O 
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may include a functions such as frequency compensation, Cf, 
and output voltage selection, Rl and R2 . 

MULTI-MODE CONTROL SYSTEM 

[0075] Figure 5 shows an aspect of an adaptive multi-mode 
control system 300 for controlling an output regulator. The 
multi-mode control system 300 may automatically switch between 
three or more operating modes as a function of the regulated 
output. The output regulator may be any type of regulator 
including switching and linear, and regulate any output 
characteristic such as voltage and current. The multi-mode 
controller 300 may be configured to include any combination of 
operating modes such as hysteretic mode, adaptive hysteretic 
mode, pulse width modulated mode, constant on-time mode, 
constant off-time mode, resonant modes, fixed frequency soft- 
switching mode, voltage mode, current mode, fixed frequency, 
and variable frequency including combinations of the operating 
modes. The multi-mode controller 300 is implemented in a 
digital control system and operated with a clock signal. The 
adaptive multi-mode control system 300 may switch between 
operating modes on a cycle-by-cycle basis of the clock signal. 
Each clock cycle, one or more characteristics of the output 
regulator may be sensed, and then the operating mode be 

selected based on the sensed characteristics. Any output 
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regulator characteristic may be used such as output voltage, 
output current, bias current, switch current, and temperature 
wherein each of the characteristics may be any mathematical 
form such as peak, average, weighted average, rate of change, 
and instantaneous. 

[0076] In one exemplary configuration for a switching 
regulator, the adaptive multi-mode control system 300 may 
start in voltage-mode hysteretic control 302 when the 
switching regulator turns-on. Figure 6 shows a regulated 
output voltage 320 of the switching regulator during several 
operating states ■ 

[0077] During voltage-mode hysteretic control, SI, 302 the 
regulated output voltage 320 quickly ramps up towards the 
steady-state value. In voltage-mode hysteretic control, SI, 
302, energy is transferred to the regulated output voltage 320 
when the voltage is less than a reference voltage such as V0. 
When the regulated output voltage 320 increases to greater 
than V0, the multi-mode control system 300 interrupts the 
drive signals, and after a short time delay, the transfer of 
energy halts. 

[0078] The adaptive multi-mode control system 300 may switch 
to voltage-mode adaptive hysteretic control, S2, 304 when the 
regulated output voltage 320 is within a range of values such 

as VH3 and VL3. In voltage-mode adaptive hysteretic control, 
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S2, 304 the maximum on-time and the maximum off -time under 
hysteretic control are limited to reduce the rate at which 
energy is transferred to the regulated output, reducing the 
amplitude of ringing about the steady-state value. 
[0079] The adaptive multi-mode control system 300 may switch 
to voltage-mode or current-mode pulse-width-modulation (PWM) 
control, S3, 306 as the ringing of the regulated output 
voltage decreases. During voltage-mode PWM control, S3, 306 
the output regulator operates at a constant frequency and 
regulates the output voltage by controlling the duty cycle at 
which energy is transferred to the output. Switching to 
voltage-mode PWM control, S3, 306 may be based on the output 
current of the output regulator, the output voltage, and the 
voltage range over which the output voltage varies. 
[0080] Constant on-time current-mode control, SY, 308 may be 
switched to for conserving energy when the output current 
decreases below a light load limit. During constant on-time 
current-mode control, SY, 308 the off-time of the switching 
regulator may be controlled to maintain a regulated output. 
As the output current decreases, the switching frequency of 
the switching regulator may decrease or cease completely, 
reducing the switching losses of the switching regulator. 
During no load or very light load conditions the switching 
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regulator may enter a hibernation mode in which the clock 
ceases . 

[0081] Figure 7 shows an aspect of an adaptive multi-mode 
control system. At block 330, three or more operating modes 
are provided for controlling an output regulator. The 
operating modes may be configured in any clock driven medium 
such as firmware, software, and hardware. At block 332, a 
clock signal is generated for operating the multi-mode control 
system 300. At block 334, one or more characteristics of the 
output regulator may be sensed. The output regulator 
characteristics may be sensed as a function of the clock cycle 
such as a number of clock cycles corresponding to a minimum 
on-time or duty cycle of the output regulator. At block 336, 
the sensed output regulator characteristics may be evaluated 
to determine which operating mode to use. At block 338, one 
of the operating modes may be selected based on the 
evaluation. The evaluation of the output regulator 
characteristics and the selection of the operating mode may be 
done on a cycle-by-cycle basis at a sampling frequency such as 
every clock cycle and once every predetermined number of clock 
cycles. At block 340, the selected operating mode is used to 
compute the on-time to which the output regulator will be set 
for the next conduction cycle. At block 342, the output 
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regulator converts an input voltage to an output of the output 
regulator as a function of the computed on-time. 

OUTPUT SLICER 

[0082] Figure 8 shows an aspect of an output regulator 400 
for generating a regulated output. The output regulator 400 
may include a digital controller 402 to receive a feedback 
signal 404 and to generate one or more drive signals 406 to 
drive a power stage 408. The power stage 408 converts an 
unregulated voltage, such as Vin, to a chopped waveform that 
is filtered by an output filter 412 to generate a regulated 
output 414. The regulated output, Vout, is preferably a DC 
output and may be regulated based on any output characteristic 
including voltage, current, and power. 

[0083] An output slicer 416 may generate the feedback signal 
404 in response to sensing the output voltage. The output 
slicer 416 may determine a range of voltages within which the 
output voltage is included. The output slicer 416 may 
determine two or more voltage ranges to describe a combined 
range of voltages, and then determine the voltage range within 
which the output voltage is included. For example, a combined 
range of voltages extending from 0 volts to 10 volts may be 
described by a first voltage range from 0 volts to 8 volts, a 

second voltage range from 8 volts to 9 volts, a third voltage 
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range from 9 volts to 10 volts, and a fourth voltage range 
being 10 volts and greater. If the output voltage is 8.5 
volts , then the output voltage lies within the second range. 
The voltage ranges may be selected to be overlapping as well 
as consecutive. Figure 9 shows an example of an overlapping 
configuration of voltage ranges. A first voltage range 
extends from 0 volts to VL3 volts. A second voltage range 
extends from VL3 volts to VH3 volts. A third voltage range 
extends from VL2 volts to VH2 volts. A fourth voltage range 
extends from VL1 volts to VH1 volts. The second, third and 
fourth voltage ranges may describe voltage regulation limits 
about a nominal voltage of VAO . In another alternative, the 
voltage ranges may be selected to extend consecutively such as 
from 0 to VL3, VL3 to VL2, VL2 to VL1, VL1 to VHl, VH1 to VH2, 
and VH2 to VH3 . 

[0084] The output slicer 416 may set the voltage ranges 
dynamically on a cycle-by-cycle basis at the sampling 
frequency. For example, one or more of the reference levels 
such as VL3 may be changed each cycle so that voltages 
encompassed by each voltage range may change each cycle. In 
another aspect, the reference levels may be controlled as a 
function of the ripple voltage of the regulated output. For 
example, the reference levels lying closest to the nominal 

level of the regulated output may be adjusted to ensure the 
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ripple voltage is a predetermined percentage of the voltage 
range encompassed by the reference levels. In another aspect, 
during a voltage transient condition, the voltage ranges may 
be set to relatively broad ranges, while during steady-state, 
the voltage ranges may be set to narrow ranges. Also on a 
cycle-by-cycle basis, the configuration of the voltage ranges 
may be changed such as from consecutive to overlapping. 
Although, the output slicer 416 is described as having voltage 
references, current references may also be used to define 
current ranges to which a current may be compared. 
[0085] The output slicer 416 may compare the output voltage 
to the predetermined voltage ranges and select a digital value 
to represent the voltage range within which the output voltage 
is. The feedback signal 404 is a digital signal having two or 
more bits to represent the voltage range that corresponds to 
the output voltage, such as a digital bus carrying a decoded 
signal and separate digital lines to represent each voltage 
range. 

[0086] Figure 10 shows an aspect of a voltage slicer 450 for 
generating a digital value to represent a voltage range within 
which a sensed voltage is included. A reference generator 452 
may generate several voltage references 454 for setting 
voltage limits for each of the voltage ranges. There may be 

any arrangement of voltage references such as assigning 
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individual voltage references 454 for each voltage limit and 
deriving multiple voltage limits from a single voltage 
reference . 

[0087] A control signal 455 may dynamically control the 
voltage references so that the voltage limits may be 
controlled on a cycle-by-cycle basis at the sampling 
frequency. The control signal 455 may control one or more of 
the voltage references and switch the voltage references 
between two or more voltage levels. The control signal 455 
may be analog, digital, mixed-signal, parallel, serial, one or 
more lines and combinations thereof. 

[0088] One or more comparators 456 may compare the output 
voltage to the voltage limits 454. When multiple comparators 
456 are used, the comparators may operate in parallel to 
compare the output voltage to each of the voltage limits 
defining voltage ranges. In one alternative, a single 
comparator 456 may be used to compare the output voltage with 
a controlled voltage reference that may be sequenced on clock 
transitions through values corresponding to the voltage 
limits . 

[0089] An encoder 458 may encode the outputs of the 
comparators 450 to a digital signal having two or more bits. 
The digital signal may be any format such as parallel and 
serial . 
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[0090] Figure 11 shows an operation of a voltage slicer. At 
block 470, three or more reference levels may be generated to 
define voltage ranges. The reference levels may be static or 
dynamic. Static reference levels may be maintained at a 
constant level. Dynamic reference levels may controlled on a 
cycle-by-cycle basis so that the voltage ranges may be changed 
dynamically. For example, during turn-on of a power regulator 
when the regulator output is increasing, the voltage ranges 
may be set to be 10% of the steady-state level of the power 
regulator output. Then, when the power regulator output 
begins to settle towards the steady-state level, the voltage 
ranges may be decreased to 5% of the steady-state level. At 
step 472, the level of a device characteristic may be sensed. 
Any device characteristic may be sensed such as output 
voltage, output current, switch voltage, inductor current, and 
input voltage. At step 474, the device characteristic may be 
compared to at least one of the reference levels. At step 
476, the voltage range within which the level of the device 
characteristic lies may be determined based on step 474. At 
step 478, a digital signal is generated to indicate the range 
within which the level of the device characteristic lies. 

POWER ARRAY 
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[0091] Figure 12A shows an aspect of a power array 500 to 
generate a chopped voltage from an input voltage. The power 
array 500 may be included in a power regulator such as power 
regulator 10 described in this specification. The power array 
500 may include one or more switch arrays 502a and 502b of 
power switches Q1-Q8 to control the flow of energy between two 
nodes. The power switches Q1-Q8 may each operate 
independently in two states, an on state and an off state. In 
the on state, the power switch has a low impedance and 
conducts energy between the two nodes. In the off state, the 
power switch has a high impedance and blocks the flow of 
energy between the two nodes. Any quantity and type of 
switching device may be used for the power switches such as 
MOSFETs, BJTs, MCTs, IGBTs, and Radio Frequency (RF) FETs. 
The power switches Q1-Q8 may include any mixture of sizes such 
as for MOSFETs, one device may have an Rds (on) of 0.1 ohm 
while other devices have an Rds (on) of 0.2 ohm and 0.4 ohm 
respectively. 

[0092] The switch arrays 502a and 502b may be connected as 
any topology such as buck, boost, flyback, Cuk, sepic, and 
zeta. Here, the switch arrays 502a and 502b are connected as 
a buck topology in which the upper switch array 502a conducts 
energy during a conduction period and the lower switch array 

502b conducts energy during a free-wheeling period. The 
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switch arrays 502a and 502b may comprise any combination of 
power switches such as MOSFETs , BJTs, MCTs, IGBTs, and RF 
FETs. 

[0093] A driver array 505 buffers drive signals from a switch 
controller 504 to the power switches Q1-Q8. The driver array 

505 may include several drivers 506. Each of the drivers 506 
preferably drives a single power switch, however each driver 

506 may drive more than one of the power switches Q1-Q8. The 
drivers 506 improve the switching speed of the power switches 
Q1-Q8 to reduce switching losses as the power switches 
transition between the on state and off state. Any type of 
circuits and devices may be used for the drivers 506 to 
improve the switching speed of the power switches Q1-Q8. 
[0094] A switch controller 504 generates drive signals for 
controlling the power switches Q1-Q8. The switch controller 
504 operates digitally and may be implemented as any form of 
digital entity such as digital circuitry, and a programmable 
device executing software or firmware. The switch controller 
504 may receive a duty cycle signal 508 and generate the drive 
signals based on the duty cycle signal 508. The switch 
controller 504 may operate on a cycle-by-cycle basis at the 
sampling frequency to determine the drive signals. The 
sampling frequency may be 20 times or more higher than the 

switching frequency of the output regulator. For example, 
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during fixed frequency operation the output regulator may 
operate between 50 kHz and 1 MHz while the sampling frequency 
may range between 1 MHz and 100 MHz. The switch controller 
504 may determine the drive signals each clock cycle 
corresponding to the sampling frequency. 

[0095] Each of the power switches Q1-Q8 may be independently 
enabled or disabled on a cycle-by-cycle basis. The quantity 
of power switches within a switch array that are enabled may 
be controlled. The quantity of enabled/disabled power 
switches Q1-Q8 may be determined on the basis of any operating 
characteristic such as output current, ambient temperature, 
operating temperature, output voltage, and inductor current. 
For example, when the output current is equal to about half of 
the maximum output current, only two of four power switches in 
each switch array may be enabled so that the switching losses 
of the power switches are minimized. In another aspect, as 
the current ramps up in the switches during a conduction 
period, additional power switches may be enabled to reduce 
conduction losses. Similarly, during a transient load change, 
the quantity of power switches may be increased or decreased, 
thereby for example reducing switching and conduction losses. 
[0096] The switch controller 504 may control each of the 
power switches Q1-Q8 independently via the drive signals so 
that the time relationship between each of the power switches 
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during transitions between the on and off states may be 
controlled cycle-by-cycle. The time sequence of the on and 
off transitions of the power switches Q1-Q4 and Q5-Q8 within 
each of the switch arrays 502a and 502b may be individually 
controlled. For example, referring to Figure 13, which shows 
waveforms associated with an aspect of the power array 500, an 
off state to on state transition 520 of the power switches Ql- 
Q4 may be controlled so that first Q4 turns off, followed by 
Q2 and Q3 together, and finally Ql. 

[0097] The time sequence may be controlled in any manner such 
as on the basis of the current flowing through the power 
switches, using predetermined delay times between transitions, 
triggering the transition of one power switch on the 
completion of the transition of another power switch, and on 
the basis of voltage transients on the node common to the 
switch arrays. 

[0098] Current sensors 510 and 512 may sense current flowing 
through the power switches Q1-Q8. The current flowing through 
the power switches Q1-Q8 may be sensed at any location in the 
output regulator such as in series with an output inductor, in 
series with the upper switch array 502a, and in series with 
the lower switch array 502b. Any type of current sensor may 
be used such as transformer-resistor sensors, inductor- 
resistor sensors, hall effect sensors, DC current sensors, AC 
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current sensors, inductor-tertiary winding sensors, and series 
resistors . 

[0099] Figure 14 shows an operation of a power switch array 
for a power array for controlling the flow of energy in a 
power regulator. At step 550, two or more switches in 
parallel are provided for controlling the flow of energy in a 
power regulator. Preferably, each of the power switches 
receives an independent drive signal. However, the switches 
may be arranged into two or more groups of power switches that 
each receive independent drive signals. At step 552, the 
quantity of power switches to be enabled is determined. The 
quantity of power switches may be adjusted to reduce power 
losses in the power switches including switching losses and 
conduction losses. For example, the output current or switch 
current may be sensed and the quantity of power switches that 
are enabled be controlled based on the sensed current. By 
reducing the quantity of power switches that are enabled when 
there are lower operating currents flowing through the power 
switches, the switching losses may be reduced. At step 554, 
the time sequence for the turn-on transition of the power 
switches is determined. The time sequence for the turn-on 
transition may be determined based on any technique such as 
selecting fixed time delays between switch transitions, and 

selecting time delays based on the voltage regulator operating 
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characteristics such as voltage levels, current levels, and 
operating temperatures. At step 556, drive signals are 
generated to control the turn-on transition of the power 
switches. At step 558, the time sequence for the turn-off 
transition is determined. The time sequence for the turn-off 
transition is not limited by the time sequence that is 
determined for the turn-on transition. Preferably, the turn- 
off transition time sequence is determined independently of 
the turn-on sequence. However, the turn-off transition time 
sequence may be determined based on the turn-on sequence such 
as by mirroring the turn-on transition time sequence. At step 
560, drive signals for the turn-off transition are generated. 

Current Sensing 

[00100] Figure 13 shows an aspect of a current sensing 
operation of the power array 500. A sampling waveform, SMPL, 
524 shows an exemplary sampling rate. Waveforms 526-540 show 
a portion of a conduction cycle for the power switches Q1-Q8. 
Waveform 542 shows current flowing through an output inductor. 
The current in the inductor decreases at a linear rate during 
a freewheeling portion of the conduction cycle of the power 
array 500. Waveform 544 shows a sense voltage. The sense 
voltage may be equal to a sense impedance times a sense 

current corresponding to the current flowing through the 
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output inductor. The resolution of the sense voltage may be 
adjusted on a cycle-by-cycle basis at the sampling frequency. 
An encircled portion 546 of the sense voltage waveform 544 
shows the resolution of the sense voltage being increased as 
the inductor current decreases in amplitude. In one respect , 
the power array 500 zooms in to increase the resolution of the 
sensed current. The resolution may be controlled in any 
manner on a cycle-by-cycle basis at the sampling frequency. 
In one aspect, the resolution may be controlled by amplifying 
the sense current signal based on a resolution trigger such as 
the sense current amplitude, the quantity of power switches 
that are enabled, and a predetermined time in the conduction 
cycle. In another aspect, the resolution may be controlled by 
controlling the impedance of the current sensing device such 
as by; 1) sensing current across, the ON impedance of the power 
switches and 2) controlling the quantity of power switches 
that operate in parallel during the conduction cycle. Other 
sensing circuits such as transformer-resistor sensors, 
inductor-resistor, and Hall effect devices the impedance of 
the sensing device such as a resistor may be controlled. In 
each case, the resolution may be controlled at the sampling 
frequency throughout the conduction cycle so that as the 
amplitude of the sensed current decreases, the power array 500 
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may zoom in during the conduction cycle to increase the 

resolution, 
o 

[00101] Figure 15 shows an aspect of the operation of a 
current sensing technique. At step 580, a current sensor is 
set to an initial resolution for sensing a current. At step 
582, current flowing through one or more of the power switches 
Q1-Q8 is sensed. The current may be sensed indirectly as well 
as directly. For example, the drain-source voltage, Vds, of 
parallel MOSFETs may be sensed and the current computed from 
Vds and the known ON resistance of the MOSFETs. At step 584, 
on a cycle-by-cycle basis at the sampling frequency a next 
resolution for the current sensor may be determined. The next 
resolution may be selected to minimize noise errors by 
maximizing the amplitude of the sense signal within the 
constraints of the sensing circuit. At step 586, the current 
sensor is set to the next resolution and then the current 
flowing through the switch is sensed again at the next cycle. 

Free-wheeling Diode Emulation 

[00102] Figure 16 shows an aspect of a diode emulation system 
600 for emulating a free-wheeling diode of an output regulator 
that operates as a switching regulator. The output regulator 
includes an output filter 605. Although the diode emulation 

system 600 is shown in a buck topology with a ground 

Customer No. 23624 38 
Express Mail No.: ER214 1087 4 5US 



Attorney Docket Number: MP0185.D2 



Patent 



referenced output, any topology may be used such as boost, 
buck-boost, cuk, sepic, and zeta, and the output may be 
referenced to any circuit node such as high-side reference and 
low-side reference. The diode emulation system 600 
advantageously uses a free-wheeling switch array 602 to 
emulate a free-wheeling diode of the output regulator. The 
freewheeling switch array 602 may include several power 
switches connected in parallel and independently controlled. 
The power switches may be selected to have combined lower 
conduction losses than a comparable free-wheeling diode to 
reduce conduction and switching losses during the freewheeling 
phase of the output regulator. The freewheeling switch array 
602 may also provide a controlled impedance to reduce noise 
generation and a current path for negative currents during 
light load conditions such as discontinuous mode operation. 
The power switches of the free-wheeling switch array 602 and a 
first power switch 604 each operate in either an on state or 
an off state to control the flow of energy from an input power 
source, Vin, to a regulated output 606. Each of the power 
switches may be configured as any grouping of power switches 
such as single power switches and an array of power switches. 
The power switches may be any type of switching device such as 
MOSFETs, BJTs, MCTs, and IGBTs. Drivers 608 and 610 may 

buffer the drive signals sent to the switch array 602 and 
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power switch 604. The drivers 608 and 610 may decrease the 
switching and conduction losses of the power switches by 
increasing the switching speed of the power switches. Any 
type of driver may be used to drive the power switches. 
[00103] An upper current sense circuit and a lower current 
sense circuit may sense the current flowing through the switch 
array 602 and the first power switch 604. Any type of current 
sensing circuit may be used such as shunt resistors, resistor- 
transformer, voltage sensing across a known impedance, and 
Hall effect. The lower current sense circuit may include a 
voltage reference V ILIM and a comparator 614 connected across 
the switch array 602. The comparator 614 may generate a 
freewheeling switch current signal in response to comparing 
the current flowing through the switch array 604 to the 
voltage reference V ILIM . The voltage reference V ILIM may be set 
to a value based on the expected voltage drop developed across 
the first power switch while conducting current. The voltage 
reference may be programmable on a cycle-by-cycle basis so 
that for example, the lower current sense circuit threshold 
value may be adjusted to account for variations in the 
impedance of the freewheeling switch array 602 such as changes 
in the quantity of parallel power switches and temperature 
effects . 
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[00104] The upper current sense circuit may include a current 
sense circuit 616 to sense current flowing through the first 
power switch 604, a reference I TH , and a comparator 618. The 
comparator 618 may compare the amplitude of the current 
flowing through the first power switch 602 to the reference 
I TH - The comparator may generate a conducting switch current 
signal. The reference Ith may be programmed on a cycle-by- 
cycle basis. 

[00105] A controller 620 may generate the drive signals for 
controlling the power switches 602 and 604. The controller 
620 may determine the drive signals as a function of a pulse 
width signal 622. The outputs from the comparators 614 and 
618 may also be used to determine the drive signals. For 
example, the controller 620 may, in response to sensing the 
current flowing through the freewheeling switch array 602 
approaching zero amps, disable one or more power switches 
within the freewheeling switch array 602 to cause the voltage 
developed across the switch array 602 to increase improving 
the resolution of the comparator 618. The controller 620 may 
also either maintain or shift the level of the threshold 
voltage, V ILIM , of the comparator 618 in preparation to 
disabling another power switch as the current in the 
freewheeling switch array 602 continues to decrease. In this 

manner, the controller 620 may zoom in as the current flowing 
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through the freewheeling switch array 602 decreases. By 
disabling individual power switches within the switch array 
602 as the current decreases, the impedance at the common 
node, "A", between the first power switch 604 and the switch 
array 602 gradually increases, dampening and suppressing noise 
on the common node . 

[00106] In another example, during a light load condition, the 
controller 620 may operate the free-wheeling power switch 602 
as a bi-directional switch so that current may flow in both 
the positive and the negative directions. The controller 620 
may operate in a continuous output current mode at very light 
loads including zero output current. 

[00107] Figure 17 shows waveforms associated with an aspect of 
the diode emulation system 600. A first waveform 640 shows 
current flowing through an inductor in the output filter 605. 
A second waveform 642 shows a voltage, Vx, on the common node. 
A third waveform 644 shows a drive signal for the first power 
switch 604. A fourth waveform 64 6 shows a weighted drive 
signal for the power switches of the free-wheeling switch 
array 602. Each of the levels of the fourth waveform indicate 
a different quantity of power switches that are enabled. For 
example, at higher current levels four power switches may be 
enabled. Then as the current decreases, one of the power 

switches may be disabled. As the current continues to 
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decrease, two more power switches may be disabled. Finally, 
the remainder of the power switches in the switch array 602 
may be disabled. 

[00108] Figure 18 shows an aspect of the operation of the 
diode emulation system 600. At step 650, the first power 
switch 604 transitions from the on-state to the off-state. At 
step 652, the current flowing through the first power switch 
may be monitored. At step 654, the current flowing through 
the first power switch 604 may be compared to a reference 
level. At step 658, the operating state of a freewheeling 
switch array 602 may be changed from the off-state to the on- 
state. The freewheeling switch array 602 may be controlled as 
a function of a pulse width signal as well as the current 
flowing through either of the first power switch or the 
freewheeling switch array 602. For example, the power 
switches of the freewheeling switch array 602 may be switched 
to the on-state as the first power switch 604 is switched to 
the off-state based on a pulse width signal. In another 
aspect, if the current flowing through the first power switch 
604 exceeds a predetermined limit, the freewheeling switch 
array 602 may be inhibited from changing operating state to 
the on-state. At step 660, the operating state of the 
freewheeling switch array 602 may be changed from the on-state 

to the off-state. In one aspect, the power switches of the 
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freewheeling switch array 602 may be switched to the off-state 
as a function of the pulse width signal. 
[00109] In another aspect, the power switches of the 
freewheeling switch array 602 may be sequentially switched to 
the off-state based on the current flowing through the 
freewheeling switch array 602. At step 662, the current 
flowing through the freewheeling switch array 602 may be 
monitored. At step 664, compare the monitored current to a 
reference level. At step 666, control individual ones of the 
power switches in the switch array 602 based on the amplitude 
of the current flowing through the switch array 602. For 
example, if the current flowing through the freewheeling 
switch array 602 exceeds the reference level, one or more of 
the power switches of the switch array 602 may be disabled. 
Sequentially controlling the power switches as the current 
decreases towards zero amps or increases from near zero amps, 
advantageously increases the impedance of node "A", thereby 
damping noise generation at node "A". At step 668, the 
reference level may be changed and operation may return to 
step 662 to continue. 

Deadtime Control 

[00110] Figure 19 shows an aspect of the operation of a 

deadtime control technique implemented with the diode 
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emulation system 600. At step 700, provide at least two power 
switches having a common node, where one of the power switches 
is a conducting power switch and the other power switch is a 
free-wheeling power switch. The conducting power switch 
conducts energy to an output of an output regulator during a 
conduction phase. The free-wheeling power switch conducts 
energy during a free-wheeling phase. Each of the power 
switches may be an array of power switches as well as a single 
switch. At step 702, switch one of the two power switches 
from the on-state to the off-state. At step 704, during the 
turn-off transition, monitor the current flowing through the 
power switch that has been turned-off. At step 706, compare 
the current flowing through the first power switch to a 
reference level. At step 708, a delay having a predetermined 
time period beginning when the current flowing through the 
power switch decreases to less than the reference level may be 
generated. At step 710, change the operating state of the 
other power switch from the off-state to the on-state. 

Controlled Power Switch Losses 

[00111] Figure 20 shows an aspect of an operation for 
controlling losses in a power array 500 of a power regulator. 
The power array 500 may include one or more switch arrays 502. 

At step 730, provide at least on switch array 502 having power 
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switches to control the flow of current from an input source 
to an output. At step 732, output and input information may 
be received such as input voltage, output voltage, and output 
current. At step 734, the expected current flowing through 
the switch array 502 may be determined. The expected current 
may be determined using any information such as the output and 
input information, duty cycle information, and operating mode 
information. At step 736, the expected power losses of the 
switch array 502 may be determined. The expected power losses 
may include the conduction losses and switching losses of the 
power switches that are enabled. The switch array 502 may 
include two or more power switches of the same or differing 
sizes such as MOSFETs each having a different Rds(on). 
Different groupings of the power switches may be enabled to 
reduce the power losses of the switch array at specific 
operating conditions. For example, during a steady-state or 
transient light load operating condition, only one power 
switch having the highest Rds (on) may be enabled so that the 
switching losses associated with the switch array 502 may be 
minimized. Similarly, during a steady-state or transient 
maximum load operating condition, all of the power switches 
may be enabled to minimize the conduction losses of the switch 
array 502. 
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[00112] The expected power losses for the power switches may 
be determined using operating conditions such as Vds, Ids, and 
Rds (on) of the power switches to compute the expected power 
losses. The expected power losses may also be determined 
using a lookup mechanism such as a lookup table to estimate 
the expected power losses. The lookup mechanism may cross 
reference ranges of operating conditions to estimated power 
losses. The lookup mechanism may also indicate a preferred 
set of power switches to enable for particular operating 
conditions. The expected power losses may be determined on a 
cycle-by-cycle basis to obtain expected losses such as 
estimated losses and computed losses. 

[00113] At step 738, the quantity and type of power switches 
to be enabled may be determined. The combination of power 
switches that minimize the expected power switch losses may be 
selected. The combination of power switches may be determined 
by computing the expected power losses for the switch array 
for several combinations of power switches. The combination 
of power switches may also be determined by using a lookup 
mechanism. At step 740, the selected combination of power 
switches may be enabled. The power switches may be controlled 
on a cycle-by-cycle basis so that during an operating phase of 
the power regulator such as the conduction phase and the free- 
wheeling phase, the quantity of power switches may be changed. 
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For example, as current decreases in the power switches during 
a switching period of the power regulator, the quantity of 
power switches may be changed. 

Noise Suppression 

[00114] Figure 21 shows an aspect of an operation for 
suppressing the generation of noise by a power stage of a 
power regulator. The power stage may include at least two 
switch arrays having a common node, step 750. The switch 
arrays may be arranged in any topology such as buck, boost, 
sepic, and zeta. Each of the switch arrays may include one or 
more power switches connected in parallel and individually 
controlled so that the quantity of switches that conduct 
within each switch array may be controlled on a cycle-by-cycle 
basis. The power switches are preferably MOSFETs, however any 
type of power switch having a variable output capacitance may 
be used such as BJTs, IGBTs, and MCTs. Controlling the 
quantity of power switches that conduct within each switch 
array causes the impedance of the common node to be 
controlled. An exemplary operation may include an upper 
switch array and a lower switch array connected in a buck 
configuration where the upper switch array operates during a 
conduction phase and the lower switch array operates during a 

free-wheeling phase. At step 752, a noise characteristic of 
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the common node, such as voltage and current, may be 
monitored. At step 754, the noise characteristic may be 
compared to one or more reference levels to generate an 
impedance control signal. At step 756, the switch arrays may 
be controlled in response to the impedance control signal. 
For example, an upper switch array having four power switches 
in parallel may be operated so that the four power switches 
are sequentially turned-off one-by-one so that the impedance 
of the common node may change from a low impedance to a high 
impedance over a controlled time period, thereby damping noise 
spikes occurring during the switch transition. 

Controlled Capacitance 

[00115] Figure 22 shows an aspect of an operation for 
controlling a capacitance of a circuit node of an output 
regulator. The output regulator may include a power stage 
having at least one switch array connected to a first switch 
to convert an input source to a regulated output. The switch 
array may be connected to the first switch through a common 
node, step 770. The switch array may include two or more 
cascode connected power switch pairs connected in parallel and 
individually controlled so that the quantity of power switches 
that conduct within the switch array may be controlled on a 

cycle-by-cycle basis. The first switch pair may be a single 
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cascode connected power switch pair as well as a switch array 
of cascode connected power switch pairs. The power switch 
pairs may be any type of cascode connected power switches 
having a variable output capacitance such as MOSFETs with 
BJTs, MOSFETs with IGBTs, and MOSFETs with MCTs. Controlling 
the capacitance of the common node may be particularly 
advantageous in resonant mode, soft switching, and quasi- 
resonant mode switching regulators. For example, controlling 
the capacitance of the common node in a fixed frequency soft 
switching regulator may control the resonance of the power 
switches over increased input voltage and output load ranges. 
At step 772, monitor the current flowing through a switch 
array. The switch array current may be monitored directly or 
indirectly such as by monitoring the output current of the 
output regulator. At step 774, determine a desired 
capacitance at the common node based on the current flowing 
through the switch array. The desired capacitance may be 
selected to be the capacitance that the switch array current 
will resonate to a predetermined voltage across Vds of the 
switch array. For example, in a soft-switching converter at 
turn-on the current flowing through a power switch may 
resonate the capacitance of the power switch to zero volts to 
reduce switching losses. In this example, the capacitance may 
be controlled so that the current flowing through the switch 
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array is sufficient to resonate the Vds of the switch array to 
a predetermined voltage level, thereby reducing switching 
losses. At step 776, the combination of power switches in the 
switch array to enable is determined. Each power switch has 
an associated output capacitance that may form a portion of 
the capacitance at the common node. By enabling selected 

0 

power switches in the switch array, the total capacitance at 
the common node may be controlled. The capacitance associated 
with each Using a switch array for the first switch may 
increase the range over which the capacitance of the common 
node may be controlled. At step 778, the power switches in 
the switch array are controlled to generate the desired 
capacitance at the common node. At step 780, selected ones of 
the power switches may be enabled/disabled over an entire 
conduction cycle so that the capacitance at the common node 
remains constant over the entire conduction cycle. At step 
782, the power switches may also be sequentially turned-on or 
turned-off to control the capacitance of the common node. 

Delay Line 

[00116] Figure 23 shows an aspect of a delay line 800 for 
generating a delay in a pulse signal. The delay line 800 is 
particularly suitable for delaying an edge of a pulse signal 

generated in a digital control system for an output regulator 
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to increase the resolution of pulse signal- Any type of delay 
line may be used such as interpolator and delay lock loops. 
Figure 24 shows an exemplary pulse signal 820 in a digital 
control system. The digital control signal may include a 
clock signal 822 for generating digital signals such as the 
pulse signal 820. The pulse width of the pulse signal 820 may 
set the conduction time for an output regulator. A regulated 
output of the output regulator may be maintained within 
regulation limits by varying the pulse width of the pulse 
signal. The error in regulating the regulated output may be 
related to the pulse width resolution of the pulse signal 
which is limited by the freguency of the clock signal 822. 
The maximum pulse width resolution may be limited to 
increments that are equal to or greater than the pulse width 
of the clock signal 822. The limited pulse width resolution 
may cause an increase in error corresponding to the ratio of 
the maximum pulse width resolution to the time of period of 
the desired pulse width. 

[00117] The delay line 800 may advantageously reduce the pulse 
width error by increasing the pulse width resolution. The 
delay line 800 may include several delay circuits 802 to 
generate several delayed edges of the pulse signal 820. The 
delay circuits 802 may be arranged in any configuration such 

as a series configuration, a parallel configuration, and a 
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series-parallel configuration. Any type of relationship of 
the time periods of the delay circuits 802 may be any used 
such as equal, binary, and exponential. Any quantity of delay 
circuits 802 may be used, although the quantity preferably 
ranges from 4 to 40. The greater the quantity of delay 
circuits, the greater the improvement in the pulse width 
resolution. The outputs of the delay circuits 802 may be 
input to a multiplexor 804 for selecting a delay. A combiner 
806 may combine the selected delay with the pulse signal to 
generate a high resolution output. The DLL 800 is shown and 
described as delaying the leading edge of the pulse signal. 
However, the delay line 800 may also delay the trailing edge 
of the pulse signal. 

[00118] Figure 25 shows an aspect of an operation for 
increasing the resolution of a pulse width signal for an 
output regulator. At step 850, receive a pulse width signal 
for an output regulator. At step 852, generate two or more 
delayed pulse signals from the pulse width signal. At step 
854, select one of the delayed pulse signals to obtain a 
desired delay time. The selection may be based on selecting 
the delayed pulse signal that represents the pulse width error 
so that combining the delayed pulse signal with the pulse 
width signal reduces the error of the pulse width signal. At 

step 856, combine the selected pulse signal with the pulse 
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width signal. At step 868, generate a high resolution pulse 
signal based on the combining. 

Adaptive Duty Cycle Limit 

[00119] Figure 26 shows an aspect of a digital controller 900 
for generating a duty cycle signal to operate an output 
regulator. A duty cycle determiner 902 may receive a digital 
error signal e k that is a function of an output error between 
a reference and an output of the output regulator. In one 
aspect, the error signal e k may indicate one of several ranges 
of voltages within which the output error is included. For 
example, the error signal may indicate the output error lies 
within the voltage range including voltages from 0.5 volts to 
0.8 volts. In another aspect , the error signal may indicate 
the amplitude of the output error. The error signal e k may be 
any type of signal such as digital signals and analog signals. 
[00120] The duty cycle determiner 902 may generate a nominal 
duty cycle signal as a function of the error signal e k . The 
duty cycle determiner 902 may receive additional digital 
inputs such as error signals from secondary loops, voltage and 
current state information of the output regulator. The 
nominal duty cycle signal may be any type of digital signal 
for representing the duty cycle such as a pulse signal with a 
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controlled pulse width and a digital signal of one or more 
bits such as a multibit digital signal. 

[00121] A duty cycle limiter 904 may limit the transfer of 
energy to the output as a function of a regulator 
characteristic of the input or output power such as Vin, the 
input ripple voltage, Vin ri ppi e the input current, Iin, the 
input power, Pin, the input energy, Qin, the input source 
impedance, Rs, the output power, Po, the output voltage, Vo, 
and, the output current, Io. The duty cycle limiter 904 may 
control the duty cycle to limit the transfer of energy to the 
output. The duty cycle limiter 904 may operate during all 
phases of operation of the output regulator such as steady- 
state operation, start-up, overcurrent, and overvoltage. The 
duty cycle limiter 904 may compare one or more of the 
input/output regulator characteristics to corresponding 
threshold values and then limit the duty cycle as a function 
of the comparing. The duty cycle limiter 904 may operate on a 
cycle-by-cycle basis at the sampling frequency or lower to 
control the threshold values. Each cycle, the duty cycle 
limiter 904 may change the threshold value and limit the duty 
cycle for the next cycle. The duty cycle for the next cycle 
may be determined based on comparing the input power regulator 
characteristic of the previous cycle to the threshold value. 

For example, the duty cycle limiter 904 may monitor Iin and 
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generate a digital signal to limit the duty cycle so that the 
amplitude of Iin does not exceed a threshold value. In 
another example, the duty cycle limiter 904 may determine the 
input source impedance or may receive a signal indicating the 
input source impedance and in response, the duty cycle limiter 
904 may generate a digital signal to limit the duty cycle. 
Any method of measuring the input source impedance may be 
employed. 

Duty Cycle Estimation 

[00122] Figure 27 shows an aspect of a digital controller 950 
for controlling a switching regulator. Figure 28 shows an 
aspect of a state diagram 940 implemented in the digital 
controller 950 for generating a duty cycle signal to operate 
the switching regulator. The state diagram 940 may include 
three or more operating states. In the exemplary digital 
controller 950, a State SO 942 may implement PWM Control for 
stable state conditions. A State S2 944 may implement 
slowdown error gradient control for transient state 
conditions. A State S3 94 6 may implement hysteretic control 
for maximum error conditions. 

[00123] The digital controller 950 may include a duty cycle 
estimator 952 to generate nominal duty cycle signals, Up* and 

Down*, that correspond to nominal steady-state values from 
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which to generate a current duty cycle for the switching 
regulator. The duty cycle estimator 952 may be used for 
generating nominal duty signals in all of the operating states 
such as PWM and slowdown error control. However , the duty 
cycle estimator 952 is preferably not used for the hysteretic 
control operating state. During hysteretic control, the duty 
cycle may be directly related to the error signal so that when 
the error signal is in one state the duty cycle is set to the 
ON state (up) , and when the error signal is in the other state 
the duty cycle is set to the OFF state (down) . The duty cycle 
estimator 952 may generate the nominal duty cycle signals as a 
function of input signals such as an error signal, a UD pulse, 
and a delay control. Power switches in the switching 
regulator may be operated at the current duty cycle to control 
the conversion of energy from an input source to an output 
load. For example, in a switching regulator having a buck 
topology and fixed frequency operation, the nominal duty cycle 
signal Up* may be approximately equal to a value that 
corresponds to the ratio of the output voltage to the input 
voltage. During fixed frequency operation, the combination of 
the nominal steady-state values may correspond to the total 
switching period of the switching regulator such as 1 usee for 
a 1 MHz switching frequency. 

Customer No. 23624 57 
Express Mail No.: ER2 14 108745US 



Attorney Docket Number: MP0185.D2 



Patent 



[00124] An adjust determiner 954 may determine an adjustment 
value, AD J, to combine with the nominal duty cycle signals to 
generate adjusted duty cycle signals, Up and Down. The adjust 
determiner 954 may generate the adjustment value as a function 
of the error signal as well as other signals from the 
switching regulator. The adjust determiner 954 may generally 
be used for all of the operating states except hysteretic 
control. Since in the hysteretic control operating state, the 
duty cycle is either 100% ON or 100% OFF, no adjustment value 
is required. In one aspect, the adjustment value for the PWM 
state 942 and the slowdown error control state 944 may be 
computed as follows: 

ADJ k =g(e k )+h(trend k ) 



where FAC may be determined based on the nominal duty 
cycle, 



Up k = Up* - ADJ k * FAC on 
Down k = Down + ADJ k * FAC 



0 if \e k \<Al 
g(e k ) = <sign(e k )*A x if A\<\e k \<A2 
sign(e k )* A 2 if A2<\e k \< A3 




trend k = F s 



slope 
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where F s i op e is a constant, e k -e k _ n is an average of the 
error from the "n" prior cycles where "n" is the number of 
samples in a switching period, and 

Al, A2, and A3 are defined in Figure 29 which shows 
voltage levels of a voltage slicer for generating the error 
signal . 

[00125] Ai and A 2 are loop gains which may be selected at the 
sampling rate and may have values based on the amplitude of 
the error signal. The values of the loop gains, Ai and A 2 , may 
be selected to be related such as A 2 being approximately equal 
to two times Ai. The loop gain of the digital controller may 
be changed adaptively at any rate up to and including the 
sampling rate. Each of the loop gains may be dynamically 
changed as a function of any parameter of the output regulator 
such as the voltage range of the error signal, the voltage 
range of the regulated output, and the duty cycle. 
[00126] The loop compensation of the digital controller may 
include the ratio of g(e k ) to h(trend k ). The loop compensation 
may be changed adaptively at any rate up to and including the 
sampling rate. In one aspect, the constant F s i op e may be 
adaptively changed to change the loop compensation. The loop 
compensation may be dynamically changed as a function of any 
parameter of the output regulator such as the voltage range of 
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the error signal, the voltage range of the regulated output, 
and the duty cycle. 

[00127] A combiner 956 may combine the nominal duty cycle 
signals with the adjustment value to generate the adjusted 
duty cycle signals. In one aspect, the adjusted duty cycle 
signals may be used as counter limits for generating a UD 
pulse . 

[00128] In this case, a counter 958 may generate the UD pulse 
as a function of a clock signal, CLOCK, and the adjusted duty 
cycle signals. The UD pulse preferably has an "on" level and 
an "off" level and may have a varying pulse width to represent 
an on-time for driving the power switches of the switching 
regulator. The counter 958 may count a quantity of clock 
cycles set by the counter limits to generate the "on-time" and 
"off-time" of the UD signal. For example, the Up portion of 
the adjusted duty cycle signal may set the counter limit for 
the on-time and the Down portion of the adjusted duty cycle 
signal may set the counter limit for the off-time. 
Preferably, a single counter generates the UD signal in 
response to a single counter limit signal including both the 
Up and Down information. The UD pulse may include a 
quantization error related to the pulse resolution being 
limited by the frequency of the clock signal. Figure 30 shows 

an example of quantization error in which a UD pulse 970 that 
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is generated from a clock signal 972 and an adjusted duty 
cycle signal 974 may have a quantization error 976 related to 
the frequency of the clock signal. 

[00129] A delay line 960 may finetune the UD pulse generated 
by the counter 958 to reduce the quantization error. The 
delay line 960 may, in response to receiving the UD pulse and 
a delay control signal, generate a finetune pulse signal 
having a duty cycle that approximates the pulse width 
corresponding to the adjusted duty cycle signals. The delay 
line 960 may delay either edge of the UD pulse to generate the 
finetune pulse signal. For example, in one aspect the UD 
pulse may be generated having a pulse width shorter than the 
corresponding adjusted duty cycle, and then the delay line 960 
may delay the trailing edge to generate the finetune pulse 
signal. In another aspect, the UD pulse may be generated 
having a pulse width longer than the corresponding adjusted 
duty cycle, and then the delay line 960 may delay the leading 
edge to generate the finetune pulse signal. 
[00130] A control block 962 may generate the delay control 
signal as a function of the UD pulse and the adjusted duty 
cycle signals. The delay control signal may preferably be a 
multi-bit signal. 

[00131] A duty cycle limiter 964 may limit the transfer of 

energy to the output as a function of an electrical 
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characteristic of the switching regulator such as Vin, the 
input current, Iin, the input power, Pin, the input energy, 
Qin, and an inductor current, I L . The duty cycle limiter 964 
may control the duty cycle to limit the transfer of energy to 
the output. The duty cycle limiter 964 may be included 
anywhere in the digital controller 950. In one aspect, the 
duty cycle limiter 964 may operate on a multi-bit signal such 
as the adjusted duty cycle signals. In another aspect, the 
duty cycle limiter 964 may operate on a pulse signal such as 
the finetune pulse signal. 

[00132] Figure 31A shows an aspect of a duty cycle estimator 
970 for generating nominal duty cycle signals, Up* and Down*, 
"from which a current duty" cycle "for "operating the switching 
regulator may be generated. The duty cycle estimator 970 may 
include one or more modes for determining the nominal duty 
cycle . 

[00133] A mode 1 estimator 972 may determine the nominal duty 
cycle signals as a function of the on-time (up-time) of the 
current duty cycle and prior duty cycle values. The mode 1 
estimator 972 may apply any estimating technique, such as a 
least mean squares technique or a cubic splines technique, to 
the current duty cycle and prior duty cycle values to 
determine the nominal duty cycle. In one aspect, the mode 1 

estimator may evaluate the delay control and the UD pulse to 
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determine the on-time. A predetermined quantity of current 
and prior duty cycle values may be used to estimate the 
nominal duty cycle. 

[00134] A mode 2 estimator 974 may determine the nominal duty 
cycle signals as a function of the error signal. The mode 2 
estimator 974 may determine a mathematical function of the 
error over several cycles such as any quantity greater than 
the switching period of the switching regulator. Any type of 
mathematical function may be used such as a running average, a 
mean, and a weighted average. The mathematical function of 
the error may be compared to one or more references. Then 
based on the comparison, the Up* may be increased, decreased, 
or maintained constant. 

[00135] Figure 31B shows an exemplary mode 2 estimator 1000. 
An accumulator 1002 may compute a running average of the error 
over a time period approximately equal to 1000 times the 
switching period of the switching regulator. One or more 
comparators 1004 may compare the output of the accumulator 
1002 to two references, XI and X2, which may be generated by a 
reference generator 1006. A count controller 1008 may control 
the count of the nominal duty cycle based on the outputs of 
the comparators 1004. For example, if the running average is 
greater than XI, the count controller 1008 may decrease the 

Up* count by one step. If the running average is less than 
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X2, the count controller 1008 may increase the Up* count by 
one step- If the running average is less than XI and greater 
than X2, then the count controller 1008 may maintain the Up* 
count unchanged. 

[00136] Computing a mathematical function of the error over a 
long time period may provide a slow and accurate estimation of 
the nominal duty cycle. In addition, the transfer function of 
the control loop for controlling the regulated output of the 
switching regulator may reduce to a single zero, thereby 
reducing the phase shift associated with the digital 
controller. The reduced phase shift may be used to increase 
the phase margin of the control loop, increase the loop 
crossover frequency, and combinations of increased phase 
margin and increased loop crossover frequency. During the 
time period during which the mode 2 estimator 974 generates a 
constant Up* value, the control loop reduces to a single zero. 
[00137] A mode selector 976 may select between the modes of 
the duty cycle estimator 970 on the basis of a mode selection 
criteria. In one aspect, the mode selector 97 6 may select 
between Up*i and Up* 2 on the basis of the difference between 
Up*i and Up* prior , as follows: 



Up* = < 



Up\ if \Up\-Up% rior \>Tl 
Up* 2 if \Up\-Up\A<T\ 
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where Up*i is the up value generated by the mode 1 
estimator 972, Up* 2 is the up value generated by the mode 2 
estimator 974, and Up* pri or is the Up* value for the prior 
cycle, and Tl may be approximately 5 nsec for a switching 
frequency of 1 MHz. 

[00138] Any mode selection criteria may be employed such as 
comparing Up*i to a running average of Up* pr ior, and comparing a 
running average of Up*i to Up* pr ior. Also, any value may be 
selected for Tl. 

[00139] Figure 32 shows an aspect of an operation for 
determining a duty cycle for a switching regulator. At step 
980, in a first mode determine the nominal duty cycle as a 
function of prior duty cycles. At step 982, in a second mode 
determine the nominal duty cycle as a function of accumulated 
error. At step 984, select between the two modes to compute 
the nominal duty cycle. At step 986, make the selection based 
on a mode selection criteria such as the rate of change of the 
computed duty cycle. 

Energy Saving Discontinuous Mode Control 

[00140] Figure 33 shows an aspect of a digital controller 1050 
including an Energy Saving Discontinuous Mode to control power 
consumption of the digital controller 1050. The digital 
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controller 1050 may include some or all of the functions 
described throughout this specification. 

[00141] An Energy Saving Discontinuous Mode (ESDM) controller 
1152 may monitor a sense point such as an output voltage, an 
inductor current, or an output voltage to determine when to 
switch to Energy Saving Discontinuous Mode. The parameter 
monitored at the sense point may reflect a power state of the 
output regulator such as low output power or discontinuous 
current in an inductor. The ESDM controller may for example, 
switch to energy saving discontinuous mode when the output 
current is less than a predetermined amplitude or when current 
flowing through the output inductor becomes discontinuous. 
The ESDM controller 1152 may advantageously control the flow 
of power to portions of the control functions of the digital 
controller 1150. Control functions within the digital 
controller 1050 such as a PWM controller 1154, a delay line 
1156, and voltage sensing comparators 1158 may be shutdown 
during energy saving discontinuous mode to reduce power 
consumption. 

[00142] Figure 34A shows an aspect of a digital controller 
1100 for controlling the transition between switching modes of 
an output regulator. Specifically, the digital controller 
1100 may control switching between continuous current mode 

(CCM) operation and discontinuous current mode (DCM) 
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operation. Figure 34B shows waveforms associated with DCM 
operation. A first waveform, Vout, 1110 shows a regulated 
output voltage of the output regulator. A second waveform 
shows an inductor current, IL, 1112 of the output regulator. 
During DCM, the regulated output voltage 1110 and the inductor 
current 1112 operate in three phases; a conduction phase, a 
freewheeling phase, and a discontinuous phase. During the 
conduction phase, energy from an input source is conducted to 
the output filter causing the inductor current 1112 to ramp up 
transferring energy to the regulated output (load) leading to 
an increase in the regulated output voltage 1110. During the 
freewheeling phase, energy stored in the inductor is 
transferred to the regulated output causing the inductor 
current 1112 and the regulated output voltage 1110 to ramp 
down. During the discontinuous phase, all of the energy in 
the inductor has transferred to the regulated output so the 
inductor current may remain at approximately zero and energy 
is transferred from an output capacitor to supply energy to 
the regulated load. 

[00143] The digital controller 1100 may include one or more 
comparators 1102 to determine when to switch between CCM and 
DCM. In one aspect, the comparators 1102 may compare the 
regulated output voltage 1110 and the inductor current 1112 to 
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reference levels to generate control signals for controlling 
the switching between CCM and DCM. 

[00144] One or more reference generators 1104 may generate the 
reference levels. Any type of reference generator 1104 may be 
employed. The reference generator 1104 may generate a 
reference level VI for shifting the sensed regulated output 
voltage. A reference level V2 may be used for comparing to 
the shifted regulated output voltage 1110 to control the DCM 
to CCM transition. A reference level II may be generated to 
reflect a predetermined current such as the minimum load 
current. The inductor current 1112 may be compared to II to 
determine a percentage of time that the inductor current is 
less than II. 

[00145] A mode controller 1106 may control the switching mode 
as a function of the comparator outputs. In one aspect, the 
mode controller 1106 may control the CCM to DCM switchover 
based on the percentage of time that the inductor current is 
less than II. In another aspect, the mode controller 1106 may 
control the CCM to DCM switchover based on the sensed output 
voltage rising to a level greater than VI. In DCM, the mode 
controller may set the on-time to a constant and regulate the 
regulated output by varying the switching frequency of the 
output regulator. 
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[00146] To control the DCM to CCM switchover, the digital 
controller 1100 may, when switching to DCM, shift the sensed 
regulated output voltage to above the reference level VI. 
Then, as the output load current increases, the waveform of 
the sensed regulated output voltage changes shape and a 
portion of the waveshape moves towards the reference level V2 . 
The comparator 1102 may compare the shifted regulated output 
voltage to the reference level V2 and indicate when the 
shifted regulated output voltage is approximately less than or 
equal to the reference level V2 . The mode controller 1106 
may, in response to the output of the comparator 1102, switch 
the switching mode from DCM to CCM. 

[00147] Figure 35 shows an aspect of the operation of 
switching mode control. At step 1120, monitor an inductor 
current of a switching regulator operating in continuous 
current mode. At step 1122, compare the inductor current to a 
reference current level such as Imin, where Imin is the 
minimum output current before discontinuous current operation 
begins. Continuing to step 1124, determine a percentage of 
the switching period during which the inductor current is 
approximately less than or equal to the minimum output 
current. At step 1126, compare the switching period 
percentage to a reference percentage such as approximately 

40%. At step 1128, switch to DCM if the duty cycle percentage 
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exceeds the reference percentage. At step 1130, sense the 
regulated output voltage. At step 1132, shift the sensed 
regulated output voltage above a first voltage reference, VI. 
At step 1134, compare the shifted regulated output voltage to 
a second voltage reference, V2 . Continuing to step 1136, if a 
portion of the shifted regulated voltage is less than or equal 
to V2, then the mode controller switches the mode to CCM. 

Capture of State Information 

[00148] Figure 36 shows a storage system 1200 for capturing 
state information of a digital controller 1201 for an output 
regulator 1200. The output regulator 1200 may be any type of 
regulator including a switching regulator, linear regulator, 
current regulator, voltage regulator, and power regulator. 
The output regulator 1200 may include a power stage 1204 and 
output filter 1206 to convert energy from in input source to a 
regulated output for supplying energy to a load 1208. An 
output sensor 1210 may sense the regulated output and provide 
an input to the digital controller 1201. 

[00149] The storage system 1200 may include an information 
controller 1203 to retrieve the state information. The 
information controller 1203 may advantageously capture any 
state information such as output voltage, output current, 

nominal duty cycle, adjusted duty cycle, power switch on-time, 
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power switch off-time, input current, error voltage, delay 
control value, adjustment value, and all other digital values 
that are received or processed by the digital controller 1201 
or output regulator 1200. 

[00150] A memory 1212 may store the state information. Any 
type of memory may be employed such as static RAM, dynamic 
RAM, flash RAM, and content addressable RAM. The state 
information may be temporally organized in any manner 
including using a time stamp, sequentially storing 
information, and storing subsets of state information based on 
trigger events. The trigger events may be any type of event 
such as a state value exceeding a predetermined threshold, a 
predetermined time interval having elapsed, and combinations 
of multiple trigger events. The state information may be 
stored over any time interval duration such as short intervals 
that are a fraction of the switching period and long intervals 
extending for months and years. 

[00151] A state information analyzer 1214 may analyze the 
stored state information. The state information analyzer 1214 
may evaluate the stored state information to determine system 
and component operating conditions such as variations from 
normal operating ranges, component reliability estimates, and 
the necessity for component maintenance. The stored state 

information may be evaluated at predetermined time periods, 
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randomly, and on an on-going basis. The state information 
analyzer 1214 may be permanently connected in communication 
with the storage system 1202 or be intermittently connected 
such as with a separate system used for evaluating the status 
of one or more output regulators. 

[00152] A number of embodiments of the invention have been 
described. Nevertheless, it will be understood that various 
modifications may be made without departing from the spirit 
and scope of the invention. Accordingly, other embodiments 
are within the scope of the following claims. 
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